Murine AA-M express other " markers " not expressed by CA-M , including " found in inflammatory zone 1 " (FIZZ1), Ym1, mannose receptor (MR), and others. 13, 14 Macrophages exhibit extraordinary " plasticity " and can alter their differentiation state on the basis of changing environmental signals.
Although much work on the response to RSV has focused on whether a " Th1 " or " Th2 " adaptive immune response mediates disease, it is surprising that essentially no attention has been paid to RSV-induced differentiation of CA-M vs. AA-M as their cytokine profiles mirror those of Th1 and Th2 cells, respectively. Our data support the conclusion that RSV induces alveolar macrophages to produce IL-4 and IL-13 that contri bute to AA-M differentiation and disease resolution through IL-4R / STAT6-, TLR4-, and IFN--dependent signaling pathways in vitro and in vivo . Thus, the innate, macrophage-mediated, " Th2-like " response that develops early in RSV infection, before the development of the adaptive immune response, may represent the host ' s initial attempt to mitigate lung damage. Moreover, one ' s capacity for eliciting this early response may dictate the severity of RSV-mediated disease.
RESULTS

RSV infection induces AA-M
Differentiation of AA-M requires IL-4 and / or IL-13, cytokines associated with strong Th2 responses. However, Francisella tularensis induces IL-4 and IL-13 in murine primary peritoneal macrophages and in the RAW 264.7 macrophage cell line that develop into AA-M . 15 In vivo , WT mice were mock or RSV infected (10 6 PFU per mouse intranasal) and killed at 4 days p.i. Figure 1C (a -e) shows a representative lung section containing an alveolus obtained from a mock-infected mouse. None of the mononuclear (blue), F4 / 80 + cells (i.e., macrophages; green) expressed arginase-1 (red) ( Figure 1C, a -e ) . In contrast, RSV induced expression of arginase-1 in the majority of F4 / 80 + macrophages ( C ) WT C57BL / 6 mice were mock or RSV infected, and lungs harvested 4 days post-infection (p.i.). Frozen lung sections were stained for nuclei (DAPI; blue), F4 / 80 (green), and arginase-1 (red), then viewed by confocal microscopy. Arrows are positioned identically on each panel within a treatment to provide a reference point. The arrows in panels f -j illustrates a rare cell that is positive for F4 / 80, but not for arginase-1.
( Figure 1C, f -j ) . This was confirmed in BAL cells derived from RSV-infected cotton rats in which both FIZZ1 and arginase-1 mRNA peaked at 4 days p.i. ( Supplementary Figure S2d  online) . Taken together, these data suggest that both interstitial and alveolar macrophages are capable of producing AA-M markers during RSV infection. Arginase-1 mRNA was induced equivalently in the lungs of WT and Rag2 − / − mice 4 days p.i. ( Supplementary Figure S3 Other studies of RSV infection in mice have been carried out using more virus than used in our in vivo analyses or immune-deficient mouse strains to elicit frank pathology; however, we used only 10 6 PFU per mouse to enable us to determine whether the lack of specific genes known to regulate the innate immune response contri buted to the regulation of RSV-induced pathology. Under these conditions, WT mice exhibit a relatively low level of inflammation after RSV infection. Analysis of lung sections obtained from RSV-infected IL-4R − / − mice showed significantly greater pathology scores ( Figure 2c ) for each histological parameter compared with RSV-infected WT mice as seen in the corresponding micrographs ( Figure 2d ). Thus, the IL-4R -STAT6 signaling axis is required for RSV-induced AA-M differentiation that mitigates pathology. This is unlikely to be a consequence of differential viral clearance as in WT and all mice with targeted mutations used in this study, viral NS1 protein levels peaked at 1 day p.i., declined rapidly thereafter, but remained detectable for 8 days (data not shown).
To 
RSV-induced AA-M differentiation is TLR4-and IFN--dependent
RSV activates multiple pattern recognition receptors, including TLR4. 5, 8, 20 RSV failed to elicit arginase-1, FIZZ1, or MR mRNA in TLR4 − / − peritoneal macrophages, despite the fact that rIL-4 induced these markers comparably in WT and TLR4 − / − macrophages (indicating that IL-4R was fully functional in TLR4 − / − macrophages) ( Figure 4a ). In contrast, induction of IFN-, COX-2, and iNOS mRNA by RSV-infected TLR4 − / − macro phages was not affected ( Supplementary Figure S6a online), supporting a previous report that RSV induces IFNprimarily through RIG-I. 7 RSV infection of TLR4 − / − mice also failed to induce arginase-1 mRNA in the lungs, but exhibited increased expression of IL-12 p40 mRNA compared with WT mice ( Supplementary Figure S6b online) . Peroxisome proli ferator-activated receptor (PPAR) , a nuclear hormone receptor that regulates AA-M differentiation and infiltration, 21 -23 Figure 5b ) . Expression of the anti-inflammatory cytokine, IL-10, was significantly decreased in IFN-− / − lung mRNA samples, whereas COX-2 mRNA, previously associated with RSVinduced patho logy, 10 was significantly increased ( Figure  5c ). These findings were confirmed in RSV-infected WT and IFN-− / − macrophages (data not shown). RSV-infected IFN-− / − mice also exhibited enhanced lung pathology, characterized by hyperplasia and excess epithelial shedding, as well as minor peribronchiolitis and perivasculitis ( Figure 5d ). 
AA-M in re-infection and in response to COX-2 inhibitors
In humans, re-infection with RSV is common. To examine the effect of re-infection on AA-M differentiation, cotton rats were infected once or twice (60 days later) with RSV. Cotton rats are a preferred model of RSV infection because, compared with mice, the pathology is more similar to that observed in humans. 24, 25 IL-4 and IL-13 mRNA were detected in the lungs during primary infection, but these genes, as well as arginase-1 mRNA, were more strongly activated after reinfection ( Figure 6a ). These data are consistent with the faster resolution of inflammation seen in secondary infection of cotton rats. 26 Parecoxib, a nonsteroidal anti-inflammatory drug, speci fically inhibits COX-2-, but not COX-1-mediated, production of prostaglandins. 27 To test the hypothesis that COX-2 production and AA-M differentiation are inversely regulated, cotton rats were infected with RSV, and then treated with saline or parecoxib. RSV-infected cotton rats treated with saline exhibited increased arginase-1 and MR mRNA 4 days p.i.; however, RSV-infected cotton rats treated with parecoxib exhibited much stronger induction of these AA-M markers ( Figure 6b ). This suggests that COX-2 production inhibits AA-M differentiation, thereby reducing the capacity of AA-M to effect tissue repair in the lung.
DISCUSSION
RSV elicits rapid production of proinflammatory cytokines and chemokines, IFN-, 3, 8, 9 and COX-2, previously implicated in RSV-induced lung pathology. 10 However, counter-regulatory cytokines, such as IL-4, IL-13, and IL-10, are also produced during RSV infection. Our data strongly support a central role for IL-4 / 13-induced AA-M in the mitigation of lung pathology induced by RSV. AA-M -produced arginase-1, MR, FIZZ1, and Ym1 have long been implicated in lung repair and remodeling after infection, 18,28,29 consistent with our observation that in IL-4R − / − mice, RSV-induced inflammation is significantly worsened. Coupled with the observation that passive transfer of WT macrophages reversed the phenotype of IL-4R − / − mice with respect to cytokine production, AA-M differentiation, and pathology, our data implicate AA-M as central effectors in the regulation of RSV-induced lung damage. NS-1 mRNA, the first RSV gene transcribed, peaked at 1 day p.i. and then waned (data not shown), and similar kinetics were observed in all strains of mice studied. Thus, although viral replication was controlled by a very early immune response, control of lung pathology correlates with the later development of AA-M .
Although RSV-induced IL-4 and IL-13 have been largely attributed to Th2 cells, 9 both are produced by other cell types, including macrophages 15, 30 and basophils. 31 The fact that IL-4 and IL-13 are induced in the RSV-infected lung, peritoneal, or cell line-derived macrophages in vitro and BAL and interstitial lung macrophages in vivo , even in Rag2 − / − mice, suggests that these cytokines are present before the generation of an adaptive Th2 immune response and act in an autocrine / paracrine manner to induce or sustain the AA-M phenotype. Although previous studies have implicated basophils and eosinophils as a source of IL-4, 9 our immunocytochemistry results indicate that the IL-4-and arginase-1-producing cells are clearly both mononuclear and F4 / 80 + , indicating that these are interstitial or infiltrating macrophages. Although Moore et al. 31 showed that depletion of basophils in RSV-infected mice reduced lung IL-4 expression, their analysis was carried out at 7 days p.i., and not at 4 days, the time at which we find that macrophages are a major source of IL-4. Signaling through IL-4R is required for both RSV-induced AA-M differentiation and to limit pathology, and our data suggest that the balance of proinflammatory and anti-inflammatory cytokines dictates disease severity. The finding that adoptive transfer of highly purified, WT macrophages to IL-4R − / − mice reversed the IL-4R − / − phenotype, at the level of AA-M marker expression, cytokine production, and pathology, strengthens the concept that AA-M , rather than basophils, limit RSV-induced lung damage. This macrophage-dependent, IL-4R -and STAT6-dependent response to RSV contrasts with a non-STAT6-dependent pathway for AA-M described for Mycobacterium tuberculosis . 32 Both TLR4 5 reported that the RSV fusion protein is a TLR4 agonist, and Imai et al. 33 showed that in response to influenza infection, host-derived oxidized phospholipids are generated and act as TLR4 agonists. Haeberle et al. 8 showed that mice depleted of alveolar macrophages or those that lack TLR4 fail to activate nuclear factor-B early in infection. Recently, Odegaard et al. 21 reported that the PPAR / retinoic X receptor heterodimer is the primary transactivating factor for arginase-1 expression. Furthermore, Coste et al. 22 showed that PPAR promotes MR expression on macrophages by IL-13 induction of the PPAR ligand, 15d-PGJ2. PPAR -deficient macrophages showed reduced arginase-1 expression and activity in response to IL-4, and failed to respond to IL-4 to counteract the secretion of LPS-induced proinflammatory cytokines. TLR4-mediated PPAR expression has been reported in colonic epithelial cells. 34 That untreated or RSV-infected TLR4 − / − macrophages express reduced PPAR mRNA ( Figure 4b ) suggests a molecular mecha nism by which AA-M fail to be induced by RSV infection of TLR4 − / − mice and macrophages, even though IL-4 and IL-13 were produced at WT levels. Recently, Malur et al. 35 showed that the deletion of PPAR in alveolar macrophages causes a skewing toward a Th1 pulmonary inflammatory response. The precipitous decrease in IL-4 production at 72 h p.i. in RSV-infected TLR4 − / − macrophages could also contribute to a failure to develop AA-M .
Failed clinical trials in the mid-1960s showed that children immunized with FI-RSV exhibited much more severe disease than did those who were not immunized. Previous studies from our laboratories first pointed to an important role for TLR4 signaling in the mitigation of RSV-induced enhanced lung injury. 3 Cotton rats immunized with the FI-RSV vaccine experience " enhanced disease " mediated by a " cytokine storm " in response to RSV infection in which both " Th1 " and " Th2 " type cytokines are produced. However, coadministration of FI-RSV with the nontoxic, TLR4 agonist, monophosphoryl lipid A, counteracted the enhanced pathology and overexuberant gene expression profile induced by RSV in FI-RSV-vaccinated animals.
Our data presented herein also show that IFN-contributes to the induction of AA-M through regulation of IL-4, IL-13, and IL-4R ( Supplementary Figure S5b, c online) . Elevated COX-2 in RSV-infected IFN-− / − mice ( Figure 5 ) extends previous findings of mitigated RSV-induced lung pathology by COX-2 inhibition, and COX-2 − / − mice exhibit less pathology in response to influenza. 10, 36 The fact that COX-2 inhibition by paracoxib increased arginase-1 mRNA in vivo ( Figure 6 ) suggests a previously unappreciated negative feedback mechanism.
Differentiation of AA-M in response to RSV may result in a cytokine milieu that dictates the course of the adaptive Th1 / Th2 response to subsequent infection. Didierlaurent et al. 37 showed that primary infection of mice with influenza or RSV led to alveolar macrophages that, even months after infection, failed to respond to TLR agonists. Thus, the anti-inflammatory state induced by RSV-driven AA-M may persist for an extended period of time, suggesting that such macrophages mediate a prolonged anti-inflammatory state that limits inflammation induced by subsequent RSV infection. 4, 26, 38 RSV infection in young children can lead to chronic airway diseases, such as asthma. 39 Kim et al. 40 recently showed that in response to Sendai virus, a virus related to RSV, mice exhibited increased airway hyperreactivity that was maximal 49 days after infection. Long-term production of AA-M products, such as arginase-1, FIZZ1, and Ym1, may also contribute to chronic airway diseases, such as asthma through lung remodeling. 41 In this study, we confirmed a report showing induction of IL-10 during RSV infection. 3 On the basis of its well-characterized anti-inflammatory actions, IL-10 would be expected to counteract the production of proinflammatory cytokines and, thereby, facilitate disease resolution. The fact that IL-10 is poorly induced in RSV-infected IFN-− / − mice ( Figure 5c ) and macrophages (data not shown) supports a previous report that IFNis required for the induction of IL-10 42 and suggests a novel role for IFN-in AA-M differentiation. Thus, the balance of " Th1-" and " Th2-" type cytokines is critical for maintaining a balance between the damage induced by viruses such as RSV and sensitization to subsequent allergic triggers. Figure 7 presents a model supported by our findings. Although airway epithelial cells are the initial target of RSV infection, RSV also infects lung macrophages, leading to the early release of potent cytokines and chemokines that recruit inflammatory cell types (including monocytes) and increase levels of inflammatory cytokines and COX-2 that mediate pathology. 10, 43 Later in infection, AA-M differentiation, a process that is IL-4R , TLR4, and IFN-dependent, counteracts the early inflammatory response, in part through (i) the anti-inflammatory effects of IL-10 on cytokine production, (ii) TLR4-induced PPAR , (iii) IFN--induced IL-4, IL-13, and IL-4R , and (iv) repair of tissue damage through induction of enzymes, such as FIZZ1, Ym1, and arginase-1. However, if the AA-M phenotype persists, it may lead to an adaptive immune response that is " Th2 " skewed, leading to hypersensitivity to allergic triggers as observed in children who have had RSV infection early in life.
METHODS Reagents
Isotype control antibodies and fluorescently labeled secondary antibodies were purchased: mouse IgG2a and IgG1, rat IgG2b, goat IgG, and rabbit IgG (Sigma, St Louis, MO); Cy2-conjugated donkey anti-rabbit IgG, Cy2-conjugated donkey anti-mouse IgG, donkey anti-rat biotin, Cy2-conjugated streptavidin, Cy3-conjugated donkey anti-mouse IgG, and Cy3-conjugated donkey anti-goat IgG (Jackson ImmunoResearch Labs).
RSV long strain (group A) was obtained from American Type Culture Collection (Manassas, VA), and propagated as described previously. 4 Parecoxib was obtained from Exim-Pharm International, Mumbai, India.
Mice and macrophage cell cultures
WT C57BL / 6J and BALB / cByJ mice, 6 -8-weeks old, were purchased from Jackson Laboratory (Bar Harbor, ME). TLR4 − / − mice (provided by Shizuo Akira, Osaka, Japan) and IFN-− / − mice (provided by Eleanor Fish, Toronto, ON, Canada), both on a C57BL / 6 background, and IL-4R − / − mice (BALB / c background; provided by Nancy Noben-Trauth (Rockville, MD) and William Paul (Bethesda, MD)) were bred in the accredited facility of the University of Maryland, Baltimore (Baltimore, MD). Rag2 − / − mice (BALB / c background) were purchased from Taconic (Rockville, MD). Inbred cotton rats ( Sigmodon hispidus ) were bred at Virion Systems (Rockville, MD). All animal experiments were conducted with institutional approval.
Highly purified ( > 97 % ) murine or cotton rat thioglycollate-elicited peritoneal macrophages, and murine BAL ( > 98 % ) macrophages were enriched as described in Supplementary methods online. Macrophages were plated in 6-well (4 × 10 6 cells per well), 12-well (2 × 10 6 cells per well for peritoneal or RAW 264.7 macrophages), and 24-well (2.5 × 10 5 cells per well for BAL macrophages) tissue culture plates. Owing to the low yield of BAL macrophages, most experiments were conducted with peritoneal macrophages. Macrophages were stimulated with medium alone, or murine, or cotton rat rIL-4 (40 ng ml − 1 ; R & D Systems, Minneapolis, MN), or infected with RSV (multiplicity of infection = 2) and incubated at 37 ° C for the indicated times.
Cytokine measurements
Cytokine levels were measured by ELISA (enzyme-linked immunosorbent assay; Cytokine Core Laboratory, University of Maryland, Baltimore).
Real-time PCR
Total RNA isolation and real-time PCR were performed as described previously. 8, 44, 45 Levels of mRNA for specific genes are reported as relative gene expression normalized to mediumtreated samples.
Analysis of gene expression in lungs of cotton rats was performed by real time-PCR and Southern analysis. 4, 46 Cotton rat primers are listed in Supplementary methods online.
Viral infection and tissue processing
To detect arginase-1 in situ , lungs were inflated and perfused with 0.9 % saline, followed by 4 % paraformaldehyde, then postfixed for 4 h, washed in 0.1 M phosphate buffer for 15 min, and placed in 30 % sucrose in 0.1 M phosphate buffer for 48 h at 4 ° C. Lungs were embedded in Tissue-Tek optimal cutting compound (Sakura Finetek, Torrance, CA), frozen on dry ice-cooled isopentane, and stored at − 70 ° C until sectioning.
Intracellular staining and confocal microscopy
Lung sections were incubated for 30 min with PBST (phosphate buffered saline, 1 % BSA, 1 % normal donkey serum, 0.3 % Triton X-100) at room temperature. F4 / 80 was visualized by immunofluorescence using rat MAb against the C terminus of mouse F4 / 80, followed by Cy2-conjugated donkey anti-rat IgG. Arginase-1 was detected using a MAb IgG2b against mouse arginase-1 (BD Bioscience, San Jose, CA), followed by a Cy3-conjugated donkey anti-mouse IgG. Nuclei were visualized using DAPI stain. Coverslips were mounted on slides using an anti-fading fluorescent mounting medium and viewed using an Olympus FluoView 500 confocal microscope ( × 60, NA 1.4 objective; Olympus) fitted with standard excitation and emission filters for the visualization of UV, Cy2, and Cy3.
Macrophage transfer experiments
WT and IL-4R − / − peritoneal exudate macrophages ( > 98 % F4 / 80 + ) were enriched and cultured as described in Supplementary methods online. Plates were placed on an ice bath for 15 min and cells were detached with a rubber policeman, centrifuged, and resuspended in saline. IL-4R − / − mice were injected intraperitoneally with 1.5 × 10 7 WT or IL-4R − / − macrophages as described previously. 47 Five days later, control (untreated WT or IL-4R − / − ) or chimeric mice were infected with RSV (10 6 PFU per animal i.n.). Lungs were harvested 4 days later for RNA and histopathology.
Histopathology
Fixed sections (10 m) of paraffin-embedded lungs were stained with hematoxylin and eosin. Four inflammatory parameters were scored independently from 0 to 4 for each section: 26 peribronchiolitis (inflammatory cells, primarily lymphocytes, surrounding a bronchiole), perivasculitis (inflammatory cells, primarily lymphocytes, surrounding a blood vessel), alveolitis (inflammatory cells within alveolar spaces), and interstitial pneumonitis (increased thickness of alveolar walls associated with inflammatory cells). Slides were randomized, read blindly, and scored for each. Epithelial damage was also evaluated.
Statistics
Statistical differences between two groups were determined using an unpaired, two-tailed Student ' s t -test with significance set at P < 0.05. For comparisons between three or more groups, analysis was carried out by one-way ANOVA (analysis of variance), followed by Tukey ' s multiple comparison test with significance determined at P < 0.05.
